Background: Techniques for comparison and optimum superimposition of protein structures are indispensable tools providing the basis for statistical analysis, modeling, prediction and classi cation of protein folds and observed similarity of structures is frequently interpreted as an indication of evolutionary relatedness. A variety of advanced techniques are available, but so far the important issue of uniqueness of structural superimposition has been largely neglected. We set out to investigate this question by implementing an e cient algorithm for structure superimposition enabeling routine searches for alternative alignments. Results: The algorithm is based on optimum superimposition of structures and dynamic programming. The implementation is tested and validated using published results. In particular, an automatic classi cation of all protein folds in a recent release of the protein data bank is performed. The results obtained are closely related to published data. Surprisingly, for many protein pairs alternative alignments are obtained. These alignments are indistinguishable in terms of number of equivalent residues and root mean square error of superimposition, but the respective sets of equivalent residue pairs are completely distinct. Alternative alignments are observed for all protein architectures, including mixed / folds. Conclusions: Superimposition of protein folds is frequently ambiguous. This has several implications on the interpretation of structural similarity with respect to evolutionary relatedness and it restricts the range of applicabilty of superimposed structures in statistical analysis. In particular, studies based on the implicit assumption that optimum superimposition of structures is unique are bound to be misleading. The program and supplementary material is available electronically
Introduction
Techniques for structure comparison and superimposition enjoy a broad interest in protein structure research 1] . Required in the analysis of protein structure and function, protein evolution, modeling by homology, fold recognition, and many other areas, tools for structure comparison are indispensable on every protein structure workbench.
The task is to nd an optimum geometric alignment of two protein stuctures. One goal is to maximize the number of pairs of equivalent main chain atoms and a second to minimize the root mean square error (rms-error) of rigid body superimposition of these atom pairs. These are con icting goals. Consequently the meaning of optimality is ambiguous. It is not clear, for example, whether superimposition of 60 residues to 1:8 A rms-error is more signi cant than superimposition of 70 residues to 2:0 A, respectively.
Another problem is often neglected. There may be more than one acceptable solution for the structural alignment of two proteins. Superimposition of two structures can have several solutions with distinct residue or atom equivalences which are indistinguishable in terms of rms-error and number of equivalent pairs. Relying on a single solution when alternative but equally acceptable alignments exist can be misleading.
Modeling by homolgy 2], for example, uses structures of homologous proteins as starting points for the calculation of unknown structures. If two or more homologues are available, a rst step is to de ne a common core and to identify equivalent residues in the templates. If the templates are distantly related alternative alignments may exist resulting in distinct core assignments.
In fold recognition and threading (e.g. 3, 4] ) protein sequences are aligned with known structures in order to nd structural models for the unknown fold of a given sequence. Development and tuning of these techniques depends on a set of protein pairs of similar structures and on the associated structural equivalences and their performance is frequently judged by comparing predicted sequence/structure alignments with the respective structure/structure alignments 5]. In these and many other application areas results and conclusions based on one structural alignment may be incorrect and misleading if alternative solutions exist.
Structure comparison techniques are time consuming, especially if they are capable of identifying distant relationships and CPU times in the range of one hour for a single comparison are common. Presently the number of structure determinations by X-ray analysis and NMR is at a level of several hundred per year 1, 6] . In the coming years there will be an avalanche of new structures and a corresponding need for fast techniques to compare and classify structures.
The search for alternative alignments requires even faster and more e cient techniques. Here we describe a combination of dynamic programming and rigid-body superimposition to maximize the number of equivalent residues and simultaneously minimize the rms-error of two structures. The procedure is fully automatic solely requiring the two sets of coordinates as input and it yields alternative solutions if they exist.
The algorithm is e cient and applicable to systematic searches of large structure data bases. We report results obtained from an exhaustive search of the Brookhaven Protein Data Bank (361 structures). Depending on the size of molecules, execution times for pair comparisons on small workstations (e.g. SGI Indy) are usually well below one minute. This enables routine searches for alternative alignments.
In fact, a substantial number of structurally related protein pairs can be superimposed in alternative ways resulting in distinct alignments which are indistinguishable in terms of rms and number of equivalent residues. Surprisingly, alternative solutions are not conned to simple symmetric topologies like four helix bundles, but they are also observed in asymmetric / structures.
Results
Performance and accuracy of the procedure were tested on several protein pairs of known similarity using the data set reported by Luo et al. 7 ] and May and Johnson 8] . Usually the algorithm needs less than 40 seconds (Silicon Graphics Indy R4000) to complete the alignment with a maximum of 90 seconds in the case of the 2GCH/3PTN (236 and 223 residues, respectively). The results are most similar to those reported by May and Johnson 8] , the main di erence being computational e ciency. They reported 6000 seconds to complete the 2GCH/3PTN alignment (SGI Indigo R3000 CPU). Comparison of computational speed is di cult for distinct processors but this roughly corresponds to a tenfold increase in e ciency.
An exhaustive structure comparison was carried out for 361 representative protein structures, resulting in a total of 64980 structure alignments for all protein pairs. Each comparison and corresponding superimposition yields an associated number of equivalent atom pairs. Signi cant structural similarity among two structures is de ned by two conditions depending on the fraction of residues in equivalent pairs. For protein A the fraction of residues in equivalent pairs is Q A = E A =L A , where E A is the number of residues in equivalent pairs and L A is the length of protein A. This de nition splits the 361 proteins into 191 classes. 118 classes contain a single structure corresponding to a unique fold. The remaining 73 classes have more than one member. The classi cation obtained matches those reported previously (e.g. the DALI data base of structural similarities 9]). In particular, distant relationships like similarities between globins and colicin or among the jelly-role structures of viruses are detected automatically.
Structural similarities are sometimes con ned to parts of structures, particularily in multi-domain proteins. In such cases individual domains match distinct folding patterns. The algorithm automatically detects such similarities. The structure of toxic shock syndrome toxin 1 (1TSS-A) contains two domains. The N-terminal domain is similar to cold shock protein 7.4 (1MJC), with 50 equivalent residues whose C -atoms can be superimposed to an rms-error of 1:5 A. The C-terminal domain is similar to immunoglobulin binding protein G (43 pairs, 1:7 A rms-error). The alignment is shown in Figure 1 .
Agreement of well established previous classi cations with the results obtained here is necessary for the validation of the proposed algorithm and it forms the basis for further investigations. Our main concern here is uniqueness or stability of alignments. For some protein topologies alternative alignments seem to be unavoidable. Four-helix bundles are prominent examples. Shifting one bundle along the more or less parallel helices of the second should yield alternative alignments.
In fact, the algorithm nds alternative alignments for most pairs of four-helix bundle proteins. Cytochrome B562 (256B-A) can be superimposed with hemerythrin (2HMQ-A) in at least two alternative ways. In both variants the number of equivalent residue pairs is 76 with only slightly di erent rms-errors of 1:9 and 2:0 A, but the sets of equivalent pairs are totally distinct. Similar results are obtained for other helix bundles. Figure 2 shows two alternative alignments obtained for 256-B and 2TMV-P (tobacco mosaic virus coat protein), having similar geometric parameters but distinct equivalent pairs.
Other architectures likely to permit alternative alignments are several types of -sheet topologies. As with helix bundles two modes of geometric transformations are possible. Shift of one structure parallel to strands or rotation of one structure resulting in distinct equivalence assignments among strands. For example, superimposition of chain 1 of bean mottle virus (1BMV-1) and chain A of tumor necrosis factor (1TNF-A) has at least two completely distinct solutions. In one 71 residues are superimposed to 1:9 A, in a second 70 residues to 1:9 A. The two alignments di er in their assignment of equivalent -strands ( Figure 3 ). For the two mostly proteins intestinal fatty acid binding protein (1IFC) and streptavidin (1SRI-B) the algorithm yields three distinct solutions of comparable quality. One of the two alternative alignments corresponds to a shift of 1SRI-B relative to the orientation of 1IFC in the rst alignment, the second to a rotation with completely di erent strand eqivalences. Surprisingly, alternative alignments are not con ned to relatively simple topologies. The algorithm detects alternative solutions for a number of mixed / structures and irregular folds. One example is the ferredoxin (1FRD) ubiquitin (1UBQ) pair, yielding two alignments. The rst has 48 equivalent residues superimposed to 1:9 A the second 47 residues with an rms-error of 2:0 A (Figure 4 ). Further examples of mixed helix/strand proteins having alternative alignments are signal transduction protein Che-Y (3CHY) and C chain of -resolvase (2RSL-C), Figure 5 , and the pair avodoxin (1RCF) and 3CHY, Figure 6 .
In all these examples alternative solutions are indistinguishable in geometric terms. In each case the alignments have the same number of equivalent residues and similar rms-errors of superimposition. When we are less restrictive in these terms the number of alternative alignments increases correspondingly. Distinct alternative structural alignments are quite common as shown in Table 1 . The examples listed are conservative in the sense that alternative alignments have very similar geometric parameters (number of equivalent residues, rms-error) but distinct sets of equivalent pairs.
Discussion
Similarity of sequences or structures often triggers a discussion on the evolutionary relatedness of the respective proteins and structure-structure alignments are often used in the statistical analysis of protein folds. The fact that many protein pairs have alternative alignments which are indistinguishable in geometric terms raises several interesting questions and has implications for certain types of statistical analyses of protein structures.
If similarity is observed the question is whether this points to divergent or convergent evolution. Related questions are whether all contemporary biological proteins have a common ancestor rather than multiple roots, whether protein topologies are frequently reinvented rather than conserved and perhaps most interestingly, whether protein evolution is fast so that all stable folding patterns have been found already (even if some or many have died out again) or it is slow so that only a small fraction of stable folds has been realized so far.
In most cases it is di cult or impossible to nd an answer to these questions, due to missing links and large holes in the phylogenetic tree of proteins, but similarity of structures in combination with other arguments is sometimes interpreted as an indication of common ancestry and there is a prevailing tenet that protein structures are more conserved than sequences. Conservation of structure, however, implies that pairs of equivalent residues in related folds are invariant and use of this argument requires that such structurally conserved pairs can be identi ed in a unique fashion.
When alternative alignments exist which are indistinguishable in geometric terms this task becomes di cult or impossible unless additional criteria are available, which allow to discriminate the set of evolutionary related residue pairs from those pairs which are only geometrically equivalent. Examples of such additional features that could be used to identify conserved residues are a signi cant number of residue identities in one alignment or a match of functional residues. However, most sets of alternative alignments found in this study are indistinguishable by these criteria and further investigation of this issue will be an interesting exercise. In any case, protein pairs which can be aligned in alternative ways are the rule rather than exceptions (Table 1 ) and unresolvable ambiguities in structural similarity is an argument in favour of convergent rather than divergent evolution.
Structure-structure alignments are often used in the analysis of conserved features of protein folds. The basic idea is that structural equivalence of residues is linked to hidden energetic features or other general rules of protein architecture. In such studies a data base of related proteins is prepared which contains structurally related residues and equivalent residue pairs are scanned for invariant or conserved features. Obviously, conclusions derived from such studies can be misleading since structure alignments are ambiguous.
In fold recognition the sequence of a protein is combined with the structures in a data base of known folds. In the development and appliation of this technique we are confronted with two questions. Provided the data base contains a fold related to the structure of the query sequence, is this fold identi ed correctly? And if so, is the alignment correct? The second question is usually answered by comparing the set of equivalent pairs obtained from sequence-structure alignment to the set of structurally equivalent residues derived from optimum geometric superimposition. Obviously, a meaningful comparison has to take into account all alternative alignments.
But this and the previous issues raise another question. How many alternative alignments can be constructed for a given pair of structures? In the case of 1IFC and 1SRI-B we obtain three alignments which are mutually distinct in terms of the respective pairs of equivalent residues. However, in most cases alignments are only partially distinct, having a few or many equivalent pairs in common. In addition, the number of alternative alignments depends on the tolerance used in the algorithm. If higher values for rms-errors of superimposition and di erences in distances are tolerated the number of alternative alignments increases correspondingly. Hence, the issue of exhaustive enumeration of distinct alignments for a given protein pair is complex and a reasonable de nition will depend on the intended application.
Materials and methods
Structural comparison of proteins has a respectable history 1]. A variety of di erent approaches has been developed for the structural alignment of distantly related proteins. The techniques can be devided in methods based on intramolecular distances (e.g. 9,10]) and methods based on superimposition of structures (e.g. 7, 8, 11, 12] ). The computational tools employed include simulated annealing 13], Monte Carlo optimization 9] and doubledynamic programming 12]. The technique presented here uses several ideas and components of previous methods. One goal was to implement a fast algorithm applicable to automatic searches of large data bases and automatic construction of alternative alignments, another to make the program easy to use and accessible to the scienti c community.
The alignment technique consists of two steps: (1) nd initial sets of equivalent residues, called seeds, and (2) nd optimum alignments for individual seeds. For simplicity protein structures are represented by C atoms, but the use of other or all backbone atoms is straightforward and implemented in the program.
To nd an initial set of equivalent atoms all possible fragments i and j of length n of the two structures are superimposed. The pair (i; j) de nes a seed of n atom pairs if its rms-error r ij < c. A cuto of 3 A was used in this study. Using the corresponding translation and rotation matrices the complete structures are superimposed. Starting at the C-termini of both fragments a new pair is added to the set of equivalences if d r+1;s+1 < c, d r+j;s+1 < c or d r+1;s+j < c, j = 2; : : : where d pq corresponds to the intermolecular distance of C atoms p ( rst protein) and q (second protein), and j ? 1 is the length of a gap in one of the structures. The procedure is applied until no new matches are found and is repeated in the N-terminal direction. The complete structures are superimposed again using the enlarged set of equivalent atoms and followed by a search for additional equivalent pairs and the whole cycle is repeated until no further changes in equivalences occur. This set of equivalences de nes the seed corresponding to and originating from fragment pair (i; j) and completes the rst step.
Each pair (i; j) whose initial superimposition yields r ij < 3 A de nes a seed. The seeds are sorted with respect to the number of associated equivalent pairs obtained in the rst step. In a second step the alignments are re ned by a dynamic programming procedure. The complete structures are superimposed using only the equivalent pairs obtained in the and a maximum path is obtained from this matrix using dynamic programming 14, 15] . This yields a new set of equivalent residues, an associated rigid body superimposition and a new optimum path for the S-matrix. The procedure is iterated until no further changes occur, resulting in the nal alignment for this seed. The nal result consists of a set of equivalent atom pairs, the rotation and translation matrices for optimum superimposition de ned by these pairs and the associated rms-error.
In the case of closely related structures distinct seeds usually result in identical or slightly di ering alignments, but for more distant relationships distinct alignments can be obtained having similar numbers of equivalent residues and comparable rms-errors. In the present study alignments were constructed from the 10 top seeds, corresponding to those seeds having a maximum number of equivalent pairs. The alignments obtained are compared to each other and only unique alignments are recorded.
In spite of the various cycles of iterations the procedure is fast. Superimposition is performed using an e cient algorithm 16] and only a small fraction of distances has to be calculated for seed extension in the rst step. Typically, execution times are a few seconds to one minute, depending on the size and similarity of structures (distantly related structures generally require more cycles of iteration). In addition the procedure needs only two parameters, the distance cuto c and the gap penalty p for dynamic programming. Values of c = 3:5 A and p = 10 were used in the present study.
The resulting program, called ProSup (Protein structure Superimposition) is endowed with a graphical user interface based on TCL/TK 17]. Generally, the program yields a set of alternative alignments, depending on the number of seeds used in the application. Alternative alignments can be compared and the superimposed structures can be displayed and manipulated interactively.
The algorithm was tested on several examples including an exhaustive structural classication of protein folds 9, 18] . The coordinates of protein structures used in this study were obtained from the Brookhaven Protein Databank 6]. X-ray structures were extracted from the March 1995 release and the resulting data base was exhaustively scanned for redundancy, i.e. only one coordinate set was chosen if multiple entries were available for the same protein chain. Only one representative structure was selected for classes of proteins having > 30% sequence homology. 361 folds remained for structural classi cation involving 64980 pair comparisons. The program and supplementary data are available electronically on the world wide web (http://lore.came.sbg.ac.at/home.html). Figures were prepared using MOLSCRIPT 19] . 
